ABSTRACT This study was conducted with broilers to evaluate the effects of growth-promoting antibiotic (flavomycin) and probiotic (7 bacterial species) supplementation in diets containing soybean oil or free fatty acids (FFA) on performance, morphological parameters of the small intestine, apparent digestibility of gross energy (GE) in the ileum, and apparent digestibility of fat in the ileum and total intestinal tract. Eight-hundred and sixty 4-d-old Ross 308 broiler chicks were used in a 3 × 3 factorial arrangement of dietary treatments that comprised 3 additives (without additive, flavomycin, and probiotic) and 3 fat sources (without fat, 30 g/kg of FFA, and 30 g/kg of soybean oil) with 4 pen replicates per treatment. All diets contained chromic oxide (3 g/kg) as an indigestible marker. Body weight and feed intake were recorded weekly over 40 d. Flavomycin interacted positively with soybean oil and FFA causing improvements (P < 0.05) in BW gain. Among the different fat sources, soybean oil significantly increased (P < 0.05) BW gain and jejunal villi height, whereas flavomycin improved (P < 0.05) BW gain and feed conversion when compared with the remaining dietary additives. However, the probiotic negatively affected (P < 0.05) BW gain and feed conversion despite increased (P < 0.05) villi heights of the duodenum, jejunum, and ileum. At 21 and 38 d of age, fat and GE digestibility were higher (P < 0.05) in the ileum and total intestinal tract of birds fed diets containing soybean oil than those of birds fed FFA. Fat and GE digestibility were highest (P < 0.05) among birds fed flavomycin but lowest (P < 0.05) among probiotic-fed birds. Flavomycin addition to soybean oil or FFA diets significantly increased (P < 0.05) fat and GE digestibility when compared with the same diets containing the probiotic. Therefore, soybean oil is a better energy source than FFA, as indicated by increased growth, nutrient digestibility, and jejunal villi height. However, probiotic supplementation to fat-rich diets caused detrimental effects on nutrient digestibility and growth.
INTRODUCTION
Vegetable oils, usually rich in polyunsaturated fatty acids (PUFA), are excellent and economical sources of energy routinely added in diets of fast-growing broiler chickens. In chickens, oil and fat digestion occurs mainly in the duodenal segment of the intestines. Subsequent to its emulsification by conjugated bile salts, PUFA of dietary oils are hydrolyzed by pancreatic lipases into mixtures consisting essentially of 2-monoacylglycerides and free fatty acids (FFA). The linkage of monoglycerides and long-chain unsaturated fatty acids to conjugated bile salts promptly forms micelles. Micelles play key roles in solubilizing fatty acids with low polarity and fat-soluble vitamins and leading to their absorption across the intestinal epithelium (Krogdahl, 1985) . Indeed, bile acids and their salts are vital for proper digestion and absorption of dietary fat (Lesson and Summers, 2008) . But, because PUFA as a triglyceride can more efficiently form micelles and trigger higher bile production than FFA, intestinal absorption of fatty acids is likely to be higher among birds fed soybean oil than FFA (Leeson and Summers, 2008) . Furthermore, the digestion and absorption of dietary fats in the intestines are majorly influenced by its resident microflora (Smits et al., 1998; Langhout et al., 1999) . For instance, Lactobacillus spp. cause deconjugation, dehydration, and dehydrogenation of bile salts (Begley et al., 2006) .
Enterococci and lactobacilli secretions of hydrolyses trigger taurine and cysteine deconjugations of bile acids (Langhout et al., 1999; Begley et al., 2006) , which reduce the formation of micelles (Macdonald et al., 1983) . Therefore, enrichment of the intestinal microflora by lactobacilli may detrimentally affect fat digestion.
In North America, antibiotic growth promoters (AGP) and probiotics are frequently used in broiler production. These antibiotics act mostly to reduce the intestinal concentrations of gram-positive bacteria, including lactobacilli and bifidobacteria (Baurhoo et al., 2007) . In contrast, probiotics favor intestinal microflora enrichment with such beneficial bacteria; lactobacilli, bifidobacteria, and Streptococcus are commonly used organisms in probiotic preparations. Therefore, by virtue of their opposite mode of actions on the intestinal populations of beneficial bacteria, AGP and probiotics may have different effects on the digestion and absorption of dietary fats. We hypothesized that probiotic supplementations may reduce the digestion and absorption of dietary fats, thereby leading to depressed growth in broilers. We were also interested in evaluating the effects of probiotic supplementation to broiler diets containing higher levels of FFA (acidulated soybean oil soapstock) than soybean oil on fat digestibility and growth in broiler chickens. The acidulated soybean oil soapstock is a subproduct from soybean oil. Subsequent to alkaline neutralization of raw oil, which produces a highly unstable raw soap (a mixture of soaps, neutral oil, water, sterols, pigments, and other constituents), acidulated soybean oil soapstock is obtained after sulfuric acid treatment in hot aqueous solution (Baião and Lara, 2005) . In comparison with soybean oil, acidulated soybean oil soapstock contains higher levels of FFA (50%), oxidized fatty acids, and carotenoids (Baião and Lara, 2005) .
Therefore, this study aimed at evaluating the effects of flavomycin and probiotic supplementation to broiler diets containing soybean oil or soybean FFA on performance, morphological development of the intestines, and apparent digestibility of energy and fat in the ileum and total intestinal tract.
MATERIALS AND METHODS

Bird Husbandry
In experiment 1, a total of 864 one-day-old Ross 308 broiler chicks was obtained from a local hatchery and randomly allocated to 36 floor pens (200 × 150 cm) covered with pine shavings. Chicks were randomly assigned to 1 of 9 dietary treatments (4 pen replicates; 24 chicks per pen) and raised under environmentally controlled conditions following a standard temperature regimen that gradually decreased from 32 to 24°C by 0.5°C daily and a 23L:1D lighting program. Each pen contained equal numbers of male and female birds. In experiment 2, two-hundred and seventy 1-d-old Ross broiler chicks were randomly assigned to metabolic cages (n = 3 cages/treatment; 10 birds/cage) with each cage housing equal numbers of males and females. All animal procedures were approved by the Animal Care Committee of the Animal Sciences Research Institute of Iran. Feed intake and live BW were recorded weekly on a per pen basis, and the feed conversion ratio (FCR) was then calculated. Dead chicks were collected daily and weighed at the time of carcass removal; carcass weights were included in the FCR calculations.
Experimental Diets
In experiment 1, dietary treatments were randomly allocated to pens in a 3 × 3 factorial arrangement comprising 3 sources of fat [without fat, 30 g/kg of soybean oil soapstock FFA (Faravarsazan Co., Tehran, Iran), or 30 g/kg of soybean oil] and 3 sources of additives [without additive, flavomycin at 0.5 g/kg of Flapol (flavophospholipol; Damyaran Arak Co., Tehran, Iran), or probiotic at 0.15 g/kg of Protexin (Probiotics International Ltd., Somerset, UK)]. Protexin is a multistrain probiotic comprising 7 bacterial and 2 yeast strains: Lactobacillus plantarum 1.89 × 10 10 cfu/kg; Lactobacillus delbrueckii ssp. Bulgaricus 3.09 × 10 10 cfu/kg; Lactobacillus acidophilus 3.09 × 10 10 cfu/kg; Lactobacillus rhamnosus 3.09 × 10 10 cfu/kg; Bifidobacterium bifidum 3.00 × 10 10 cfu/kg; Streptococcus salivarius ssp. Thermophilus 6.15 × 10 10 cfu/kg; Enterococcus faecium 8.85 × 10 10 cfu/kg; Aspergillus oryzae 7.98 × 10 9 cfu/kg; and Candida pintolopesii 7.98 × 10 9 cfu/kg.
Diets were formulated to meet or exceed the nutritional recommendations of broiler chickens (Table 1; NRC, 1994) . Washed builder's sand was used at the expense of corn in fat-supplemented diets to balance for dietary ME levels. Birds were fed a starter diet from 0 to 21d, followed by a finisher diet from 22 to 40 d of age. Feed and water were provided for ad libitum intake. In experiment 2, dietary treatments (n = 9) and formulations were similar to our first study. Chromic oxide (3 g/kg) was added in all diets as an indigestible marker for calculations of ME and apparent digestibility coefficient for crude fat and for gross energy (GE).
Prior to diet formulations, samples of soybean oil and its soapstock were assayed for moisture, insoluble impurities, and FFA according to the official methods of the AOCS (1998). The AME n values of soybean oil and soybean oil soapstock were obtained by using 9-to 14-dold chicks following the method of Hill and Anderson (1958) . These oil samples were esterified with a mixture of boron trifluoride, hexane, and methanol (Morrison and Smith, 1964) . After methylation, fatty acids were analyzed by a gas chromatograph (Shimadzu GC-14A gas chromatograph, Kyoto, Japan) equipped with an ART 2560 fused silica capillary column (length 100 m; internal diameter 0.25 mm, film thickness 0.20 μm) and a flame-ionization detector. The fatty acid profiles of the experimental fats are presented in Table 2 .
Carcass Yields and Organ Weights
At d 40, 2 birds (including one from each sex) per treatment pen (n = 8/treatment) were randomly selected, individually weighed, and killed by cervical dislocation. The abdominal cavity was opened and the total gastrointestinal tract immediately exposed. Total intestinal tract, gizzard, and liver weights were expressed as percentages of respective live BW. Weights of eviscerated carcasses that were free from the head, feet, abdominal fat pad, and viscera were also recorded.
Intestinal Morphological Analysis
Immediately after bird euthanasia, a 2-cm sample of the duodenum (at the midpoint region of duodenum), jejunum (midpoint between the bile duct entry and Meckel's diverticulum), and ileum (at the distal end of lower ileum) were collected. Each of these intestinal segments was flushed with PBS (pH = 7), fixed for 45 min in Clark fixative (Merck, Darmstadt, Germany) that contained 25% acetic acid glacial and 75% ethanol, and then left in ethyl alcohol (50%) for longer storage. For each segment, a 5-μm cross-section was sectioned using a microtome, placed on a glass slide, and stained with periodic acid Schiff reagent for 2 to 3 min. Villus height and crypt depth were measured using a light microscope (Olympus CX31, Tokyo, Japan). Villus length was measured from the top of the villus to the top of the lamina propria, whereas villus:crypt ratio was determined as the ratio of villus height to crypt depth. Villus width was measured at the widest area of each villus. Ten replicate measurements for each variable studied were taken from each chicken and the average values were used in statistical analysis.
Apparent Metabolizable Energy and Digestibility of Fat and GE
The digestibility study included two 4-d pre-experimental adaptation periods (14-17 and 32-35 d of age, respectively) followed by two 3-d collection periods. During each 3-d collection period, pooled excreta samples from respective treatment cages (n = 3/treatment) were collected daily. After contaminants, such as feathers and other foreign materials, were carefully removed, the excreta samples (n = 9/treatment) were stored in air-tight containers at -20°C until later analysis. At the end of each collection period (20 and 38 d of age), a total of 6 and 4 birds per cage were respectively killed by cervical dislocation. From each killed bird, the ileum, starting from the Meckel's diverticulum to 4 cm above the ileo-cecal junction, was quickly dissected and the digesta contents of this intestinal segment were stripped into an air-tight container and stored at -20°C. Ileal digesta from all euthanized birds within a cage were pooled into 1 sample (n = 3/treatment per time point). Feed, excreta, and ileal samples were dried at 60°C for 48 h, ground to pass through a 0.5-mm sieve, and stored in air-tight containers at −20°C. All samples were subsequently analyzed for DM (method 925.09) and fat (method 920.39) according to the standard methods of the AOAC (1990). Gross energy was determined using an adiabatic oxygen bomb calorimeter (Parr Instrument Company, Moline, IL). All samples were analyzed in duplicates. Chromic oxide concentrations in the feed and excreta were determined using the procedure described by Fenton and Fenton (1979) . The digestibility coefficients (DC) of fat and of GE and AME were calculated using the following equation:
where Cr 2 O 3diet is the concentration of chromium in the diet (%), Cr 2 O 3fecal or ileal is the concentration of chromium in the feces or ileal digesta (%), Nutrient fecal or ileal is the concentration of the nutrient (also for GE) in the feces or ileal digesta (%), Nutrientdiet is the concentration of the nutrient (also for GE) in the diet (%), GE diet is the GE content of the diet (kcal/kg), and GE feces is the GE content of the feces (kcal/kg).
Statistical Analysis
Data were analyzed in a 3 × 3 factorial arrangement of dietary treatments, and ANOVA was used to determine the main effects of dietary additive and fat and the interaction effects of these by using the GLM procedure of SAS (SAS, 2002 ). Treatment means were tested using the Duncan's multiple-range test, and statistical differences were declared at P < 0.05.
RESULTS
Bird Performance
Soybean oil and flavomycin markedly improved growth parameters throughout this study (Table 3) . But, soybean oil and flavomycin interacted positively to significantly increase BW gain during the starter, finisher, and overall rearing periods in contrast to broilers fed fat unsupplemented diets with flavomycin or probiotic. Similar effects were observed when birds were fed FFA + flavomycin diets, except that BW gain was not different during the starter period. Birds fed flavomycin-supplemented soybean oil or an FFA diet were the heaviest among all experimental birds at d 40. Although birds consumed the largest amounts of soybean oil + flavomycin diets, no detrimental effect on FCR was recorded.
However, among all treatment birds, those fed probiotic + soybean oil diets had the lowest BW gain and live BW at d 40. Likewise, BW gain, live BW, feed intake, and FCR were not different whether birds were fed additive-free or probiotic diets without fat supplementation. But, flavomycin addition to fat unsupplemented diets significantly improved BW gain, live BW, and FCR at the end of the rearing period. In this study, the probiotic negatively affected BW gain, feed intake, and FCR at d 40 when compared with additive-free or flavomycin diets.
Carcass Yields and Organ Weights
There were no interaction effects between dietary fat sources and additives on yields of eviscerated carcasses and relative weights of the whole intestines, abdominal fat, and liver (Table 4) . Moreover, neither dietary fat (soybean oil or FFA) nor additives (flavomycin or probiotic) supplementation majorly affected eviscerated carcass yields and relative abdominal fat weights at d 40. But, when compared with fat unsupplemented diets, broilers fed diets containing FFA or soybean oil possessed enlarged livers. On the other hand, flavomycin significantly reduced whole intestinal weights when compared with probiotic-fed broilers.
Morphological Parameters
The results for morphological parameters of the duodenum, jejunum, and ileum are presented in Table 5 . In the duodenal segment, only villi were longest among broilers fed fat-unsupplemented diets + probiotic; but, villi height was not altered by any dietary treatments in the jejunum and ileum. However, among all soybean oil-fed birds, those that received the probiotic had the greatest crypt depths in all intestinal segments. Duodenal crypt depth was also increased in birds fed the probiotic + FFA diet. It appears that increases in villi height and crypt depth occurred mainly due to the main effects of the probiotic in the duodenum, whereas soybean oil also had a major role in the jejunum. The only difference in villus width occurred in the jejunum; villi were widest among birds fed the FFA + flavomycin diet.
Apparent ME, Fat, and GE Digestibility
Our results demonstrate positive interactions between soybean oil and flavomycin on nutrient digestibility (Table 6 ). Addition of flavomycin to soybean oil or FFA diets significantly increased the digestibility of GE in the ileum, AME, and fat digestibility in both the ileum and total tract at d 21 and 38 when compared with the same diets containing the probiotic. Likewise, ileal (d 21 and 38) and total tract (d 21) fat digestibility was higher in birds fed soybean oil diets supplemented with flavomycin than those fed additivefree diets. When similar comparisons were made among the FFA group of birds, flavomycin supplementation increased the ileal GE digestibility and ileal and total tract fat digestibility at both d 21 and 38, except that total tract GE digestibility was not different from the additive-free-fed birds at d 21. However, neither flavomycin nor probiotic addition to fat-unsupplemented diets improved fat digestibility in the ileum and total tract at any time of this study. In addition, AME was similar among birds fed fat-unsupplemented diets with or without dietary additives at d 38. Overall, in contrast to FFA, dietary soybean oil significantly increased GE digestibility in the ileum and fat digestibility in the ileum and total tract at d 21 and 38. On the other hand, ileal fat (d 38) and GE (d 21), digestibility, and total tract fat digestibility (d 21 and 38) and AME (d 21) were severely affected by the probiotic as compared with birds fed the additive-free diet.
DISCUSSION
The soybean soapstock had higher levels of FFA than the soybean oil but considerably lower AME n values (7,600 vs. 8,800 kcal/kg). Both the fatty acid profiles of the fat sources (Baião and Lara, 2005) and low AME n values (7,488 kcal/kg of DM) from acidulated soybean oil soapstock (Blanch et al., 1996; Leeson and Summers, 2008) were similar with previous reports. Our findings that feeding broilers soybean oil instead of FFA led to significant improvements in growth, in response to increased intestinal fat and GE digestion, were also consistent with previous findings (Vieira et al., 2002; Lara et al., 2003; Sharifi et al., 2010a) . In broilers, dietary FFA reduced fat and GE digestibility because FFA lacks monoglycerides to incorporate insoluble fatty acids into micellar complexes (Wiseman and Salvador, 1991; Baião and Lara, 2005; Leeson and Summers, 2008) . It is known that the emulsification and absorption of dietary fat are dependent on the surfactant activity of conjugated bile salts and their role in micelle formation (Tannock, 1995) . All of these findings indicate that soybean oil is a more efficient source of dietary ME and fat than FFA in broilers. Nevertheless, feed conversion was not different whether broilers were fed diets containing soybean oil or FFA in this study. In this study, probiotics caused significant growthdepressing effects, inferior feed conversion, and reduced fat and GE digestibility irrespective of the source of dietary fat. Mountzouris et al. (2010) also observed inferior FCR and reduced fat and CP digestibility when broilers were fed probiotic diets. In general, probiotic supplementation increases the host's intestinal populations of beneficial bacteria, especially lactobacilli (Smirnov et al., 2005; Sharifi et al., 2010b) . But, lactobacilli possess bile salt hydrolase activity that causes deconjugation of bile salts or bile acids (Tannock et al., 1994) , thus affecting the digestion and absorption of dietary fats in the small intestine (Baron and Hylemon, 1997) . Although enterococci, Bacteriodaceae, Clostridia, and Escherichia coli may also cause bile deconjugation (Langhout et al., 1999) , such effect predominantly occurs among lactobacilli species (Baron and Hylemon, 1997) . Bile salt deconjugation is reported to inhibit pancreatic lipase activity in a pH-dependent manner (Knarreborg et al., 2003) and reduce the absorption of lipids and lipid-soluble vitamins (Eyssen, 1973) in the small intestine of broiler chickens. Therefore, all of the above findings may well explain the results of this study. These data suggest that enrichment of the intestinal microflora with beneficial bacteria, especially lactobacilli, due to the probiotic supplementation caused bile salt or acid deconjugation that led to reduced fat digestibility and ME in the ileum and total intestinal tract when broilers were fed high-fat diets. However, these detrimental effects due to probiotics were more pronounced when diets contained soybean oil rather than FFA, which may be explained by the fact that, in comparison with FFA, intestinal digestion and absorption of PUFA (soybean oil) are more dependent on bile production and micelle formation, whereas probiotics cause bile salt deconjugation. Similarly, probiotics exert greater detrimental effects on fat digestion among Table 6 . Effect of diets containing different fat sources and additives on AME (kcal/kg of DM), ileal digestibility of gross energy (GE), and ileal and total tract digestibility of fat (%) in broilers 1,2 young birds, considering that young birds have limited capacity in secreting pancreatic lipases and bile salts (Krogdahl, 1985) . On the other hand, flavomycin significantly improved GE digestibility in the ileum and fat digestibility both in the ileum and total intestinal tract, which led to significant improvements in broiler growth and FCR. Our findings are in agreement with other reports in which AGP caused improvement in nutrient absorption as a result of thinning of the intestinal wall and increased activity of digestive enzymes (Dibner et al., 2007) . The growth-promoting effects of AGP in broilers (EsteveGarcia et al., 1997) have in part been attributed to AGP effects in reducing the size of intestinal microflora (Fuller et al., 1984) , especially gram-positive bacteria, including lactobacilli and bifidobacteria (Baurhoo et al., 2007; Sharifi et al., 2010b) , such that more nutrients are available for broiler growth. A reduction in bile catabolism by AGP also triggers growth improvements in broilers (Guban et al., 2006) . Therefore, by reducing the intestinal populations of beneficial bacteria, flavomycin reduced the deconjugation of bile salts that enhanced fat emulsification and lipid absorption (Tannock et al., 1989) and improved broiler growth.
Broilers fed fat (soybean oil or FFA)-supplemented diets possessed enlarged livers in contrast to those fed fat-unsupplemented diets. These results are indicative of more fat deposition in broilers fed high-fat diets. Liver fat metabolism and hepatic triacylglycerol contents were altered when feeding broilers diets containing different fat sources (Velasco et al., 2010) , but liver weights were not statistically different. Evidently, increased digestion of high dietary fat necessitated higher levels of conjugated bile salts for the proper digestion, emulsification, and absorption of fats in the small intestines (Krogdahl, 1985) . Neither flavomycin nor probiotics altered liver weights of broilers in the different treatment groups.
Evidences exist that dietary fat sources majorly influence abdominal fat deposition in broiler chickens. For instance, the incorporation of dietary fats rich in PUFA rather than saturated fatty acids significantly reduced the weights of abdominal fat in broilers (Ferrini et al., 2008; Velasco et al., 2010) . It is suggested that unsaturated fatty acids are more rapidly oxidized for energy generation than saturated fatty acids (Crespo and Esteve-Garcia, 2002) ; lower utilization of the latter favors its deposition as carcass fat. In this study, however, relative weights of abdominal fat were not different between broilers fed diets containing PUFA (soybean oil) than diets containing FFA or when fed flavomycin than when fed probiotics. In contrast, both dietary fat (FFA or soybean oil) and probiotic supplementation significantly increased villi height of the jejunum. Villi height is known to correlate positively with nutrient absorption (Tarachai and Yamauchi, 2000) . But, improvement in broiler growth occurred among those fed soybean oil diets only. In a previous study, probiotic administration also increased villi height (Jin et al., 1998) , probably associated with increased concentrations of short-chain fatty acids in the lower intestine (Sakata et al., 1999) .
In conclusion, feeding broilers high-fat diets formulated with soybean oil, rather than FFA, markedly improved growth, feed efficiency, nutrient digestibility, and jejunal morphological development. However, in comparison with flavomycin, probiotic supplementation to high-fat diets detrimentally reduced growth and nutrient digestibility. Therefore, probiotic administration may not be recommended when feeding broilers high-fat diets.
